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Oil palm plantations are a major agricultural land use in Southeast Asia. In the
coming decades large areas of mature oil palm will be cleared and replanted. To
inform more sustainable long-term production in this globally important crop, it is
crucial we understand how replanting impacts ecosystem functions and services. We
investigated whether several production-relevant ecosystems functions (dung removal,
soil mesofauna feeding activity, herbivory, herbivore predation, and seed predation), and
the simultaneous delivery of all functions (ecosystem multifunctionality), vary between
recently-replanted oil palm (1–4 years) andmature oil palm (23–30 years) areas. Following
new in-country and Roundtable on Sustainable Palm Oil (RSPO) guidelines, riparian
buffers of mature oil palm, in which subsequent natural regrowth is allowed, are being
preserved during the replanting cycle in plantations that lack natural forest reserves. We
investigated whether or not mature oil palm riparian buffers maintain levels of ecosystem
functioning beneficial for palm oil production. Only one function (herbivory) differed
between mature and replanted areas, with higher levels of herbivory found in recently
replanted oil palm. There was no difference in ecosystem multifunctionality between
mature and recently-replanted oil palm. Mature oil palm riparian buffers were found to
be valuable for maintaining lower levels of herbivory than recently-replanted oil palm.
However, no other functions, nor ecosystem multifunctionality, differed between the
mature oil palm riparian buffers and recently-replanted oil palm. The results of this study
suggest that replanting has limited impacts on the ecosystem functions we considered.
Furthermore, they suggest mature oil palm riparian buffers do not have negative impacts
on production-relevant ecosystem functions in oil palm landscapes.
Keywords: ecosystem function, ecosystem multifunctionality, ecosystem service, palm oil, replanting, resilience,
riparian reserve, Sumatra
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INTRODUCTION
Oil palm plantations are a major agricultural land use
in Southeast Asia (Foster et al., 2011; Food Agricultural
Organization of the United Nations, 2017). Malaysia and
Indonesia are the largest palm oil producing countries globally
(Food Agricultural Organization of the United Nations, 2017;
Meijaard et al., 2018), with oil palm being of great socioeconomic
importance in these countries (Turner et al., 2008; Foster et al.,
2011). However, the expansion of oil palm in Southeast Asia has
contributed toward the widespread and large-scale conversion of
forested land and has been amajor factor driving biodiversity loss
(Edwards et al., 2010; Meijaard et al., 2018).
Large scale oil palm planting began in the region in the mid-
1980s and large areas of mature oil palm plantation are due to be
cleared and replanted in the coming decade as the palms reach
the end of their productive lifespan (Snaddon et al., 2013). In
Malaysia alone, over 1 million ha are expected to be cleared and
replanted in the coming years (Snaddon et al., 2013). The clearing
of mature oil palm for replanting, which is achieved through
clear-felling, leads to a loss of vertical vegetation structure and
canopy cover, and consequently a hotter, drier and more variable
microclimate (Luskin and Potts, 2011). Replanted areas of oil
palm have been found to contain lower frog species richness
than mature oil palm (Kurz et al., 2016), while other studies have
demonstrated that the composition of bird and ant communities
vary with oil palm age (Desmier De Chenon and Susanto, 2006;
Wang and Foster, 2016).
A potential strategy for maintaining structure and habitat
complexity within oil palm plantations is the preservation and
restoration of riparian buffers—strips of non-production habitat
present along waterways in cultivated areas. Riparian buffers
are a legal requirement in many Southeast Asian countries,
and are a requirement of Roundtable on Sustainable Palm Oil
(RSPO) and Indonesian Sustainable Palm Oil (ISPO) certified
plantations (Barclay et al., 2017; Roundtable on Sustainable Palm
Oil (RSPO), 2018). There are beneficial hydrological impacts of
riparian buffers (Tabacchi et al., 2000; Mayer et al., 2007) and
forested riparian reserves have also been shown to be effective
for conserving biodiversity associated with tropical forests (Gray
et al., 2014, 2015; de la Peña-Cuéllar et al., 2015; Luke et al., 2019).
All research to date has focused on riparian buffers that
are fragments of natural forest. However, many plantations—
including many that were planted before the advent of
sustainability guidelines—lack forested riparian buffers, or have
forested buffers that are highly degraded. The replanting
of oil palm provides an opportunity for the creation and
restoration of riparian buffers where they are currently absent
or degraded. In these cases, RSPO guidelines suggest two major
approaches to restoring mature oil palm riparian buffers: (1)
the passive approach—in which natural regrowth occurs without
any intervention, and (2) the active approach—enrichment
planting of tree species within the buffers (Barclay et al.,
2017; Lucey et al., 2018). In the first of these options,
mature palms are commonly retained in riparian areas after
replanting in order to provide habitat structure and shading to
facilitate passive regrowth. Therefore, mature oil palm riparian
buffers—riparian strips of mature oil palm that have not
been cleared for replanting—are likely to become a common
landscape feature during the widespread replanting of oil palm
(Snaddon et al., 2013; Barclay et al., 2017).
An important consideration when quantifying ecosystem
functioning is that ecosystems typically provide numerous
functions and services, a concept known as ecosystem
multifunctionality (Isbell et al., 2011; Maestre et al., 2012;
Byrnes et al., 2014; Lefcheck et al., 2015). Conserving the
multifunctional nature of agroecosystems is an important
component of sustainable agriculture (Renting et al., 2009).
Loss of ecosystem multifunctionality caused by management-
associated perturbations can consequently lead to loss of
agricultural productivity (Bommarco et al., 2013), and the
loss of services with important effects for the wider landscape
(e.g., water purification and carbon sequestration). Despite this
studies that consider the impacts of replanting and riparian
buffers on ecosystem functioning are particularly lacking.
We know of no studies that consider the effects of oil palm
replanting on ecosystem functioning, and the effects of riparian
buffers on functions, along with the potential for spillover of
beneficial functions into the surrounding plantation, remains
poorly understood (Edwards et al., 2014; Gray and Lewis,
2014; Gray et al., 2014, 2016). Therefore, as a first step toward
effectively managing the large-scale replanting that will occur
in the coming decade, it is important that we improve our
understanding of how replanting, and the use of mature oil
palm riparian buffers as a potential conservation strategy, affect
ecosystem functioning.
The aims of this study were to: (1) assess the impacts of oil
palm replanting on ecosystem functions and multifunctionality;
and (2) assess the importance of mature oil palm riparian buffers
for maintaining ecosystem functions, and multifunctionality,
within newly replanted oil palm landscapes. We hypothesized:
(1) more beneficial levels of production-relevant ecosystem
functions will be maintained in mature oil palm than replanted
oil palm; and (2) mature oil palm riparian buffers within
replanted areas will maintain more beneficial levels of
production-relevant ecosystem functioning than replanted
areas without mature oil palm riparian buffers.
METHODS
Site Description
Data collection took place in oil palm estates owned andmanaged
by Pt Ivo Mas Tunggal, a subsidiary company of Golden Agri
Resources, with technical advice from Sinar Mas Agro Resources
and Technology Corporation Research Institute (SMARTRI)
in Riau, Sumatra, Indonesia (0◦55′56
′′
N, 101◦11′62
′′
E). This
area is dominated by oil palm, human settlements and human
infrastructure. There are no extensive areas of natural habitat
locally. The nearest large area of forest is over 20 km from
the sampling sites. All sampling sites were located adjacent
to waterways, separated by at least 1.3 km (Figure S1), and
were located within one of three vegetation types: (1) recently
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replanted oil palm (1–4 years) with young oil palm planted up
to the edge of the waterway (hereafter “replanted oil palm”),
(2) recently replanted oil palm (1–4 years) with a 50m wide
mature oil palm riparian buffer (hereafter “replanted oil palm
with a riparian buffer”); and (3) mature oil palm plantation,
with mature oil palm (23–30 years) planted up to the edge of
the waterway (hereafter “mature oil palm”) (Figure 1, Table S2).
The buffers in this study are being restored under the passive
approach. As replanting was fairly recent, the mature palm trees
within the buffers were still alive and growing. There were five
sampling sites in each vegetation type, giving N = 15 sites in
total (Figure S1). At each sampling site plots were located along a
transect that ran perpendicular to the waterway (Figure 1), with
plots positioned 25, 50, and 500m into the oil palm. Distance
into the oil palm was measured from the edge of the adjacent
waterway. The center of each plot was marked by the position
of a focal oil palm at the specific distance on the transect. All
data was collected within a 5m radius of the focal oil palm.
All data collection took place between 5th August and 1st
September 2016.
Ecosystem Functions Measured
Five ecosystem functions relevant to palm oil production
were measured: dung removal, soil mesofauna feeding activity,
herbivory, herbivore predation, and seed predation (see Table 1
for our justification of the choice of functions).
Dung Removal
Fresh cattle dung (no more than 1 h old) was collected and
homogenized. One dung sample of 700 g was placed in the center
of each plot and left in the field for 48 h before the remaining
dung was collected and reweighed. Large polystyrene plates
raised using wooden skewers protected the dung samples from
rain. Three evaporation controls (dung fully enclosed in mesh, so
it was not accessible to invertebrates) were placed in each of the
vegetation types and reweighed after 48 h. The mass lost through
evaporation was then subtracted from the original mass of dung
(700 g) to account for moisture changes occurring over the 48-h
period. The difference between this evaporation controlled mass
and the mass of dung remaining after 48 h allowed an estimation
of dung removal (Table S3).
Soil Mesofauna Feeding Activity
Bait lamina (Terra Protecta GmbH, Berlin, Germany) were
used to measure soil mesofauna feeding activity (Kratz, 1998;
Hamel et al., 2007). We followed the methods of Tao et al.
(2016). Bait lamina are plastic sticks with dimensions: 120 ×
1 × 6mm, and 16 apertures of 1.5mm per stick, with 5mm
spacing between apertures. The bait lamina were inserted into
the ground, perpendicular to the soil surface, such that the top
aperture of each bait lamina was just below the soil surface. The
apertures of the bait lamina were filled with a standardized bait
consisting of cellulose powder, bran flakes and active carbon in
the ratio 70:27:3. Six bait lamina were placed within each plot in
a 3 × 2 grid, with a 20 cm spacing between each stick. The bait
lamina were left for 6 days before being collected. Perforation of
the bait in each aperture was recorded by holding the stick up to
the light, with partial or complete perforation being recorded as
evidence of feeding activity.
Herbivory
Levels of herbivory on oil palm fronds were measured by
sampling the focal palm within each plot. We followed
the methods of Foster et al. (2014). A middle-aged frond
was cut from each of the focal oil palms. This was the
17th frond for mature oil palms and the 9th frond for
young palms. Twenty leaflets were then collected at regular
intervals from the full length of each of the cut fronds—
with 10 leaflets collected from each side of the frond. The
leaflets were photographed against a whiteboard. These images
were visually analyzed for herbivore damage. This does not
include damage by rhinoceros beetles. ImageJ software was
then used to determine the area of each leaflet that had
been damaged by herbivores and also the total area of each
leaflet. Proportion herbivory was calculated by dividing the
leaflet area damaged by herbivores by the total leaflet area
(Schneider et al., 2012).
Herbivore Predation
Herbivore predation was measured following the methods of
Foster et al. (2014). Fresh oil palm fronds were collected and cut
into six-leaflet sections, with each six-leaflet frond section having
three leaflets on either side of the midrib. Six recently-killed
mealworms were subsequently attached to each frond section
using a cyanoacrylate adhesive. One frond section was raised into
the canopy in each plot using string and left for 24 h before being
lowered from the canopy. The number of mealworms removed
from the frond was then recorded.
Seed Predation
Sunflower seeds were used for measuring seed predation. Ten
shelled sunflower seeds were placed on a paper plate in each plot.
Large polystyrene plates, raised using wooden skewers, protected
the seeds from rain. The seed plates remained in the field for 24 h
before the number of seeds removed was recorded. Due to time
restrictions, seed predation data were only collected for sites from
two vegetation types: mature oil palm and replanted oil palm.
Data Analysis
Ecosystem Multifunctionality
To investigate ecosystem multifunctionality, we used the
averaging approach (Maestre et al., 2012; Byrnes et al.,
2014). For a discussion of the advantages and limitations
of the averaging approach see Byrnes et al. (2014) and
Manning et al. (2018). This approach produces a relative
multifunctionality index using the mean of standardized
ecosystem function values. For standardization, the “desirable”
direction of each function must be consistent. First, we
determined whether high levels of each ecosystem function
were likely to have positive or negative impacts on the
provision of ecosystem services valuable to oil palm plantation
managers (Table 1). High levels of dung removal, soil mesofauna
feeding activity and herbivore predation were considered to
be desirable; whereas high levels of herbivory were considered
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FIGURE 1 | Diagram of sampling sites. Black circles represent plots positioned along a transect running perpendicular to the waterway. (A) Replanted oil palm;
(B) Replanted oil palm with a mature oil palm riparian buffer; and (C) Mature oil palm.
undesirable. Therefore, we transformed the proportion herbivory
results by reflecting each value about 0 (multiplying by
−1), and then adding the maximum observed proportion
herbivory to each of the reflected values. This ensured
that the minimum transformed herbivory value was zero,
with a high transformed herbivory value being considered
beneficial. Seed predation results were not used to calculate
multifunctionality, as seed predation data were only collected
for two of the three vegetation types. The values for each
ecosystem function were standardized by expressing each
individual observation as a proportion of the maximum value
for that function. The average multifunctionality index was
then calculated by taking the mean of the standardized
values for the four functions. Multifunctionality was only
calculated for plots for which there were data for all four
ecosystem functions, resulting in five of the fifty plots
being excluded.
Effects of Oil Palm Replanting
To test for differences in levels of ecosystem functioning between
mature oil palm and replanted oil palm, we fitted linear models
to the data. The model fits were examined and did not display
any pattern in the residuals vs. the fitted values, and the
normal plots were close to linear. Individual models were
produced for each ecosystem function and for the index of
multifunctionality. Vegetation type was the explanatory variable
in thesemodels. Response variables were proportions and so were
arcsine square-root transformed to meet model assumptions.
The seed predation data did not meet the model assumptions,
even after transformation, and so a Mann–Whitney U-test was
used to test for differences in the proportion of seeds removed
between mature and replanted oil palm. Observations from each
of the different distances within a site were pooled for this
analysis as at a large spatial scale both habitats (mature oil palm
and replanted oil palm) are homogenous with distance into the
oil palm.
Ecosystem Functioning in Mature Oil Palm Riparian
Buffers
To investigate whether ecosystem functions, and
multifunctionality, are maintained within mature oil palm
riparian buffers, we looked for interactions between distance
into oil palm and the three vegetation types (mature oil palm,
replanted oil palm with a riparian buffer, and replanted oil
palm). If mature oil palm riparian buffers are maintaining
ecosystem functioning then we expect there to be an interaction
between distance into oil palm and vegetation type. Linear mixed
effects models were fitted to the data, with distance into oil
palm and vegetation type included as fixed effects and sampling
site included as a random effect on the model intercept. For
each function, and for our index of multifunctionality, model
selection was carried out using Akaike Information Criterion
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TABLE 1 | Justification of the ecosystem functions measured and their impacts on ecosystem service provision.
Ecosystem function Justification Effect of high levels of
functioning on palm oil
production
Dung removal Dung removal, part of waste decomposition, is an ecosystem function that affects a number of ecosystem
services (Beynon et al., 2015). It prevents the accumulation of waste, has a role in nutrient cycling, and can
reduce the abundance of the pests of livestock (Fincher, 1975; Doube et al., 1988; Nichols et al., 2008;
Manning et al., 2016). Dung removal by dung beetles also has the potential to reduce emissions of the
greenhouse gas methane that result from cattle farming (Slade et al., 2016), including integrated cattle
farming that occurs within oil palm plantations (Md. Said and Man, 2014; Slade et al., 2014).
Positive
Soil mesofauna feeding
activity
The feeding activity of soil mesofauna is associated with a range of soil properties (Tao et al., 2016), and
increased rates of soil mesofauna activity have the potential to affect nutrient cycling and mineralization. As a
result, soil mesofauna feeding activity can be indicative of soil quality.
Positive
Herbivory There are a range of herbivorous pests of oil palm with the dominant defoliators being Lepidopteran larvae
(Mariau, 2001; Jamian et al., 2015; Corley and Tinker, 2016). These herbivorous pests can cause large yield
losses (Wood et al., 1973; Kamarudin and Wahid, 2010), thus making understanding the effect of habitat
management on levels of herbivory within oil palm plantations a priority for maintaining, or increasing, oil
palm production.
Negative
Herbivore predation The control of herbivorous pests of oil palm by natural predators has the potential to make a positive
economic contribution to oil palm production (Gray and Lewis, 2014; Corley and Tinker, 2016), land
management methods that contribute to conserving populations of natural predators can also be beneficial
for biodiversity conservation in agroecosystems (Azhar et al., 2015; Jamian et al., 2015; Ghazali et al., 2016).
Therefore, understanding how habitat management affects the control of herbivorous pests by natural
predators is highly important.
Positive
Seed predation The action of seed predators has the potential to have positive or negative impacts on the provision of
ecosystem services within oil palm agroecosystems (Linz et al., 2011; de Mey et al., 2012). The positive or
negative nature of the effect is dependent on the management objectives of an oil palm plantation. Seed
removal, the initial stage of seed predation, often leads indirectly to the dispersal, or burial of seeds.
Therefore, if the management objective is to conserve, or increase, understorey plant diversity, then high
levels of seed predation would be beneficial. However, if the plant species under management is an
undesirable invasive species, and therefore the objective is to reduce the abundance of the species, then
high levels of seed predation would be undesirable. To successfully achieve either management objective we
need to understand how plantation management affects seed predation.
Positive or negative
(AIC) values. When one model had an AIC value more than
two units lower than all other models, this was selected as the
best model (Mazerolle, 2006; Symonds and Moussalli, 2011). If
multiple models had AIC values within two units of each other
the simplest model (themodel with the fewest terms) was selected
as the best model (Mazerolle, 2006; Symonds and Moussalli,
2011). We calculated fixed-effects R2 and total R2 values for each
of the models using the “r.squaredGLMM” function (Nakagawa
and Schielzeth, 2013; Johnson, 2014) from the package
MuMIn (Barton, 2018).
All analyses were carried out in R version 3.5.1 (R Core
Team, 2018) and R studio version 1.1.456 (RStudio Team, 2015),
using the packages lme4 (Bates et al., 2015), MASS (Venables
and Ripley, 2002), MuMIn (Barton, 2018), and dplyr (Wickham
and Francois, 2015). The packages ggplot2 (Wickham, 2009) and
cowplot (Wilke, 2016) were used for producing figures.
RESULTS
The Impact of Oil Palm Replanting on
Ecosystem Functions and Ecosystem
Multifunctionality in Oil Palm Landscapes
Of the five ecosystem functions measured, only herbivory
showed significant differences between mature oil palm
and replanted oil palm, with significantly higher levels
of herbivory found in replanted oil palm (Figure 2,
Table 2). The observed mean proportion herbivory was
over 3.5 times higher in replanted oil palm, although the
absolute values of herbivory were very small [Replanted
0.00659 (SE = 0.00166), Mature 0.00175 (SE = 0.000441),
Figure 2C]. There was no significant difference in average
multifunctionality between mature oil palm and replanted oil
palm (Figure 2F, Table 2).
Ecosystem Functioning Within Mature Oil
Palm Riparian Buffers
The best model for herbivory included the interaction between
distance into oil palm and vegetation type (Tables 3, 4).
The interaction explained 28.4% of the variation in mean
proportion herbivory (Table 3). Mean proportion herbivory
was approximately constant with distance in mature oil palm
and replanted oil palm (Figures 3A,C). Whereas, in replanted
oil palm with a riparian buffer there was an increase in
herbivory with distance into oil palm (Figure 3B). There are
two data points on Figure 3B that are more than double
the value of the other data points at their distance. If
these data points are considered outliers and removed from
the analysis, the best model for herbivory still includes the
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FIGURE 2 | The effect of oil palm replanting on (A) dung removal; (B) soil mesofauna feeding activity; (C) herbivory; (D) herbivore predation; (E) seed predation; and
(F) average multifunctionality. Plots show mean ± SE. Mature denotes mature oil palm, and Replanted denotes replanted oil palm. Stars denote significant differences
(*P < 0.05). Note the scale on the y-axis of plot (C) ranges from 0 to 0.020.
TABLE 2 | Effects of oil palm replanting on ecosystem functions.
Variable Difference SED F df P R2
Dung removal 0.246 0.141 3.04 1, 26 0.0928 0.105
Soil mesofauna feeding activity 0.0819 0.0732 1.25 1, 28 0.272 0.0428
Herbivory 0.0349 0.0108 10.5 1, 28 0.00308* 0.273
Herbivore predation −0.161 0.198 0.665 1, 27 0.422 0.0240
Average multifunctionality 0.0310 0.0567 0.299 1, 25 0.589 0.0118
Results are from linear models with vegetation type (mature oil palm or replanted oil palm) as the explanatory variable and arcsine square-root transformed ecosystem functions as the
response variable. The F, df, and P-values are from ANOVAs run on the models (*P < 0.05). The R2 are multiple R2 values. SED is the standard error of the difference in value between
vegetation types. The seed predation results are from a Mann-Whitney U-test. Seed predation results: U = 9, n1 = 4, n2 = 4, P = 0.504.
interaction between distance into oil palm and vegetation
type (Tables S5, S6). This strongly suggests that these two
potential outliers are not driving the results of our model
selection process.
In contrast, for dung removal, herbivore predation, soil
mesofauna feeding activity and average multifunctionality the
best model was the random effect only model (Table 3).
Therefore, we found no evidence for effects of vegetation type,
distance into oil palm or their interaction on these functions or
average multifunctionality (Table 3).
DISCUSSION
This study found that recently replanted oil palm (1–4 years) had
similar levels of ecosystem functioning to mature oil palm (23–
30 years), although levels of herbivory were higher in recently
replanted oil palm. Mature oil palm riparian buffers were found
to have lower levels of herbivory than the surrounding replanted
oil palm. However, for all other ecosystem functions measured,
there was no difference in functioning between the riparian
buffers and the surrounding replanted oil palm.
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TABLE 4 | Model coefficients for the best herbivory model:
Transformed_Herbivory ∼ Vegetation Type * Distance + (1|Site).
Estimate SE
Mature: intercept 3.57 × 10−2 1.34 × 10−2
Mature: gradient 1.13 × 10−5 3.50 × 10−5
Replanted with buffer: intercept 4.00 × 10−2 1.40 × 10−2
Replanted with buffer: gradient 1.24 × 10−4 3.59 × 10−5
Replanted: intercept 7.92 × 10−2 1.34 × 10−2
Replanted: gradient 3.31 × 10−5 3.50 × 10−5
Replanting and Ecosystem Functioning
The replanting of oil palm had no effect on four of the
five ecosystem functions measured, nor did it affect ecosystem
multifunctionality. The only ecosystem function affected by oil
palm replanting was herbivory, with levels of herbivory over
3.5 times higher in replanted oil palm than in mature oil palm.
However, while the relative difference in levels of herbivory was
large, the absolute difference wasmuch smaller. Mean proportion
herbivory was <0.01 in both mature and replanted oil palm.
Thus, herbivory is unlikely to have a short-term impact on oil
palm yield (Corley and Tinker, 2016; Denmead et al., 2017),
particularly as the rate of photosynthesis does not usually limit
growth of young palms, even when leaf area is reduced due to
herbivory (Corley and Tinker, 2016). However, the slightly higher
levels of herbivory in replanted oil palm could be indicative of
higher abundances of herbivorous pests or the loss of predator
assemblages in these replanted areas, which could mean that
future pest population outbreaks are more likely. When they
occur, pest outbreaks cause large yield reductions with large
financial costs for oil palm estates (Wood et al., 1973; Corley
and Tinker, 2016). Therefore, the potential long-term effects of
higher levels of herbivory in replanted oil palm should be actively
assessed as part of plantation management strategies.
The results of this study suggest that the replanting of oil palm
has only limited effects on the ecosystem functions we considered
here, despite clear impacts of replanting on the biodiversity
and abiotic conditions of these landscapes (Luskin and Potts,
2011; Kurz et al., 2016). The recently replanted oil palms in our
study area were between 1 and 4 years of age (Table S2). Thus,
even if there were negative impacts on the ecosystem functions
measured immediately after replanting, our results show that
ecosystem functioning rapidly recovered. Our results therefore
suggest that oil palm ecosystems may be highly resilient to
perturbations and that any initial negative impacts of replanting
are unlikely to have mid- to long-terms effects on the functions
we consider here. The dominance of generalist species in oil
palm ecosystems (Gillespie et al., 2012; Fayle et al., 2015; Bukhary
et al., 2017) may have a major role in this resilience we have
identified, as previous studies have found generalists to be of
critical importance for the resilience of ecosystem functioning
(Richmond et al., 2005; Palacio et al., 2016).
Ecosystem Functioning in Mature Oil Palm
Riparian Buffers
Mature oil palm riparian buffers have different structural and
microclimatic conditions compared to replanted areas and
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FIGURE 3 | Plot of the best-fitting model for herbivory: Transformed_Herbivory ∼ Vegetation Type * Distance + (1|Site). The herbivory data has been arcsine
square-root transformed. Point shape denotes vegetation type. (A) Mature oil palm; (B) Replanted oil palm with a mature oil palm riparian buffer; and (C) Replanted
oil palm.
therefore potentially have different levels of ecosystem functions
compared to the surrounding plantation. They also have the
potential to act as sources of, positive or negative, spillover
effects for neighboring areas of oil palm. When considering
the value of mature oil palm riparian buffers for conserving
ecosystem functioning we must keep in mind that these buffers
are distinct from mature oil palm itself. Natural regrowth
is permitted in these riparian buffers and on top of this
no herbicides, pesticides or fertilizers are applied within the
buffers. As a result, the understorey vegetation of these riparian
buffers is typically much denser than that in mature oil palm
plantations (Figure S4).
Mature oil palm riparian buffers showed reduced levels
of herbivory compared to the neighboring replanted oil
palm. For herbivory, both the mean proportion herbivory
and the variability in mean proportion herbivory were much
lower in the mature oil palm riparian buffers than in the
neighboring replanted oil palm (although it must be noted
that the absolute difference in mean proportion herbivory
was small). Management of pest populations in oil palm
plantations is of central importance to the industry. Importantly,
our results suggest that mature oil palm riparian buffers do
not have negative impacts on pest control services in oil
palm plantations.
For dung removal, soil mesofauna feeding activity, herbivore
predation and average multifunctionality there was no difference
in functioning between mature oil palm riparian buffers and
the surrounding replanted oil palm. We therefore have no
evidence to suggest that mature oil palm riparian buffers
conserve beneficial levels of these functions within replanted oil
palm landscapes. Crucially, however there is also no evidence
that mature oil palm riparian buffers maintain deleterious
levels of these functions. This strongly suggests mature oil
palm riparian buffers do not have negative spillover effects
on ecosystem functioning in neighboring replanted oil palm.
This finding is in concordance with findings of studies
of spillover effects from natural forest riparian buffers or
forest fragments, which have found either no evidence of
spillover effects, or evidence of small positive spillover effects
(Edwards et al., 2014; Gray and Lewis, 2014; Gray et al.,
2014, 2016). However, it must be noted that we only collected
data for a subset of the ecosystem functions relevant to oil
palm production.
Implications for Policy and Management
Agroecosystems are the dominant terrestrial ecosystems globally
(Ramankutty et al., 2008) and are both major consumers and
providers of ecosystem services (Power, 2010). It is therefore
crucial that we understand how management practices in
agroecosystems affect ecosystem functions, and the supporting
and regulating services they underpin. This study has shown that
several ecosystem functions in oil palm landscapes are highly
resilient to clear felling of old palms, a widely implemented
method of replanting (Luskin and Potts, 2011), suggesting
that the widespread replanting set to occur in the coming
decade may have little impact on this subset of production-
relevant ecosystem functions. However, clear-felling large areas
of mature oil palm to produce plantations with palms of the
same age has been shown to lead to reductions in biodiversity
within these agroecosystems (Kurz et al., 2016). Therefore,
clearance methods, such as staggered replanting (Luskin and
Potts, 2011), that could reduce these biodiversity losses need to
be explored.
Current riparian buffer policy in tropical ecosystems has a
limited ecological basis due to a lack of available information
(see Luke et al., 2019 for a review). The results of this
study suggest that mature oil palm riparian buffers do not
appear to have negative impacts on the surrounding plantation.
These mature oil palm riparian buffers act as the first stage
of restoring natural riparian forest in replanted oil palm.
Thus, the future growth of trees and understorey plants
within these mature oil palm riparian buffers may increase
the value of these riparian buffers for conserving ecosystem
functioning in the long-term. Importantly, monitoring of the
replanted areas and mature oil palm riparian buffers over time
is needed to assess how well the buffers establish—with a
focus on the impacts of regeneration and the death of the
mature palms (an increase in deadwood) on biodiversity and
ecosystem functioning.
This study only considered the passive restoration of mature
oil palm riparian buffers. Enrichment planting within mature oil
palm riparian buffers may be more likely to increase ecosystem
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functioning. The Riparian Ecosystem Restoration in Tropical
Agriculture (RERTA) experiment is investigating the impacts
of such enrichment planting on biodiversity and ecosystem
functioning (Luke et al. this special issue). Studies, such as
RERTA, are needed if we are to improve our understanding of
the value mature oil palm riparian buffers have for ecosystem
functioning in oil palm landscapes.
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